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E-mail address: komatsu-ms@igakuken.or.jp (M. KAutophagy is a highly conserved bulk protein degradation pathway responsible for the turnover of
long-lived proteins, disposal of damaged organelles, and clearance of aggregate-prone proteins.
Thus, inactivation of autophagy results in cytoplasmic protein inclusions, which are composed of
misfolded proteins and excess accumulation of deformed organelles, leading to liver injury, diabe-
tes, myopathy, and neurodegeneration. Although autophagy has been considered non-selective,
growing lines of evidence indicate the selectivity of autophagy in sorting vacuolar enzymes and
in the removal of aggregate-prone proteins, unwanted organelles and microbes. Such selectivity
by autophagy enables diverse cellular regulations, similar to the ubiquitin–proteasome pathway.
In this review, we introduce the selective turnover of the ubiquitin- and LC3-binding protein ‘p62’
through autophagy and discuss its physiological signiﬁcance.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction that are formed not only in various human diseases but also inThere is ample evidence that dysfunction of the ubiquitin–pro-
teasome system (UPS) leads to the formation of ubiquitin-positive
inclusions in various neurodegenerative diseases, and that the
detection of such inclusions is useful for pathological diagnosis
and understanding of the pathogenic mechanisms of these diseases
[1]. On the other hand, recent genetic analysis studies in mice have
identiﬁed another degradation system, the autophagy–lysosomal
pathway, involved in the formation of ubiquitin-inclusions. For
example, accumulation of numerous ubiquitin-inclusions is seen
in tissues in autophagy-deﬁcient mice with disruption of the
autophagy-related (Atg) genes Atg7 or Atg5, in spite of the presence
of a normal proteasome system [2]. Furthermore, p62/A170/
SQSTM1 (hereafter referred to as ‘p62’), which interacts with sev-
eral signaling molecules [3] and whose mutations give rise to
inherited Paget’s disease [4], is present in the ubiquitin-inclusionschemical Societies. Published by E
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omatsu).autophagy-deﬁcient mouse tissues [5]. This molecule has a unique
feature; an N-terminal Phox and Bem1p (PB1) domain, which re-
tains the ability of self-oligomerization, and a C-terminal ubiqui-
tin-associated (UBA) domain capable of interaction with
ubiquitinated proteins (Fig. 1A). These properties imply the
involvement of p62 in inclusion formation. In fact, in autophagy-
deﬁcient mouse and ﬂy, additional loss of p62 is associated with
marked reduction in the formation of ubiquitin-inclusions [6,7].
Furthermore, p62 was identiﬁed as one of the speciﬁc substrates
that are degraded through the autophagy–lysosomal pathway [8–
10]. This degradation is mediated by interaction with microtu-
bule-associated protein 1 light chain 3 (LC3), a mammalian homo-
logue of Atg8, which is recruited to the phagophore/isolation
membrane and remains associated with the completed autophago-
some. Therefore, it is possible that intracellular levels of p62 and/or
the tendency for ubiquitin-aggregate formation are regulated by
basal, constitutive autophagy.
2. Physiological role of induced autophagy
The fundamental role of autophagy is the supplyof aminoacids in
response to starvation for new protein synthesis and energy source.
Actually, atgmutants in yeast Saccharomyces cerevisiae are sensitive
to the lethal effect of nitrogen deprivation while they do not exhibit
any phenotypes in nutrient-rich conditions. In addition, autophagylsevier B.V. All rights reserved.
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Fig. 1. Selective turnover of p62 by autophagy. (A) Domain structure of mouse p62. PB1 can form self-oligomerization and hetero-oligomerization with other proteins
containing the PB1 domain such as Nbr1. LC3 recognizes p62 through the LIR (LC3-interacting region)/LRS (LC3 recognition sequence). p62 interacts with Keap1 via the KIR
(Keap1 interacting region). ZZ: zinc ﬁnger domain. TB: TRAF6 binding (TB) domain. UBA: ubiquitin-associated domain. (B) A model of p62 as a receptor for ubiquitinated
proteins. p62 interacts with polyubiquitinated proteins via the UBA domain. The complex is selectively sequestered in the autophagosomes through the interaction of LIR and
LRS–LC3. This process is achieved efﬁciently by self-oligomerization of p62 via the PB1 domains. (C) p62 functions as a signaling hub through oligomerization for apoptosis,
NF-jB, and stress response.
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starvation such as fruit body formation of slimemold, dauer forma-
tion of Caenorhabditis elegans, and sporulation of S. cerevisiae [11].
Furthermore, autophagy plays important roles during starvation in
the mouse fetus when the supply of amino acids through the
placenta is suddenly cut off [12], and in the early development of
fertilized eggs under low intake of nutrients from the extracellular
space [13]. In addition to the importance of adaptive autophagy,
growing lines of evidence point to the importance of basal autoph-
agy, which operates constitutively at low rate even under nutrient-
rich environment and to the key role in quality control of cellular
components including organelles.3. Autophagy-deﬁciency in mice
3.1. Phenotypes of tissue-speciﬁc autophagy-deﬁcient mice
Mice deﬁcit in autophagy die in utero (e.g., Beclin1 knockout
mice) [14,15] or die within 24 h after birth due, at least in part,
to deﬁcient amino acid production (e.g., Atg5-knockout mice)
[12]. To investigate the physiological roles of constitutive autoph-
agy, conditional knockout mice for Atg5 or Atg7 and various tissue-
speciﬁc Atg-knockout mice have been established and analyzed by
several groups. For example, the liver-speciﬁc Atg7-deﬁcient
mouse showed severe hepatomegaly accompanied by hepatocyte
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or Atg7 in the central nervous system exhibited behavioral deﬁcits,
such as abnormal limb-clasping reﬂexes and reduction of coordi-
nated movement [17,18], as well as massive neuronal loss in the
cerebral and cerebellar cortices. Loss of Atg5 in cardiac muscle
caused cardiac hypertrophy, left ventricular dilatation and systolic
dysfunction [19]. Muscle-speciﬁc deletion of Atg7 resulted in pro-
found muscle atrophy and age-dependent decrease in skeletal
muscle force [20]. Pancreatic b cell-speciﬁc Atg7-knockout mice
exhibited degeneration of islets and impaired glucose tolerance
with reduced insulin secretion [21,22].
3.2. Common morphological features among various autophagy-
deﬁcient cells
Electron microscopic analyses of the mutant mice showed
marked accumulation of swollen and deformed mitochondria in
the mutant hepatocytes [16], pancreatic b cells [21,22], cardiac
[19,22] and skeletal myocytes [20], the appearance of concentric
membranous structures consisting of endoplasmic reticulum or
sarcoplasmic reticulum in mutant hepatocytes [16], neuronal ax-
ons [23,24] and skeletal myocytes [20], and increased number of
peroxisomes in mutant hepatocytes [16]. In addition to the accu-
mulation of aberrant organelles, histological analyses of tissues
with defective autophagy showed accumulation of polyubiquity-
lated proteins in almost all tissues, although the level varied from
one region to another, forming inclusion bodies whose size and
number increased with aging. Importantly, the mutant tissues,
especially autophagy-deﬁcient liver and skeletal muscle seemed
to have functionally intact proteasomes [6,20], whose impairment
is generally known to cause abnormal ubiquitin-mediated proteol-
ysis. Autophagy-deﬁciency is considered to result in delays of glo-
bal turnover of cytoplasmic components, resulting in accumulation
of misfolded and/or unfolded proteins followed by the formation of
inclusion bodies and deformed organelles. In other words, basal
autophagy acts as a quality control machinery for cytoplasmic
components, is crucial for homeostasis of various mitotic cells
and therefore constitutive autophagy ﬁghts diseases. While
autophagy has been generally considered to be a non-selective
bulk degradation pathway, Bjorkoy et al. [8] suggested that the
autophagosome selectively uptakes the polyubiquitinated protein
aggregates via autophagosomal protein, LC3- and ubiquitin-bind-
ing protein, p62.
4. An autophagy-speciﬁc substrate, p62
4.1. Property of LC3 during autophagosome formation
The initial steps of autophagy include the formation and subse-
quent elongation of the phagophore or isolation membrane. The
phagophore/isolation membrane then enwraps various cytoplas-
mic constituents such as organelles until its edges fuse with each
other to form a double-membrane structure called the autophago-
some. Finally, the outer membrane of the autophagosome fuses
with the lysosome/vacuole, and thereby the sequestered cytoplas-
mic components together with the inner membrane of the auto-
phagosomes are completely degraded by the lysosomal/vacuolar
hydrolases. The ubiquitin-like modiﬁer, LC3, covalently conjugates
with phosphatidylethanolamine (PE) through an enzymatic cas-
cade consisting of Atg7, Atg3 and Atg12–Atg5 [25–27]. The PE-con-
jugated LC3, named LC3-II, is localized to the inner and outer
membranes of the isolation membrane and is essential for the
membrane biogenesis [28–30] and/or closure of the isolation
membrane [30,31]. Following autophagosome maturation, the
LC3-II on the outer membrane is cleaved off by the cysteine prote-ase Atg4B and recycled, while the LC3-II on the inner membrane,
together with cytoplasmic components surrounded by the auto-
phagosome, are degraded in the lysosomes [32,33].
4.2. The ubiquitin- and LC3-interacting protein, p62
Following a comprehensive analysis of LC3-binding proteins,
Johansen’s group and ours identiﬁed a ubiquitin-associated pro-
tein, p62, as an LC3-interacting protein [6,8,9]. Unlike proteins
essential for autophagy, p62 is conserved in metazoa but not in
plants and fungi, and can bind a large number of proteins through
its multiple protein–protein interaction motifs [34]. This protein
mediates diverse signaling pathways including cell stress, sur-
vival/death, and inﬂammation [34]. Importantly, the N-terminal
PB1 domain exhibits self-oligomerization, and the C-terminal
UBA domain can bind to ubiquitinated proteins (Fig. 1A), suggest-
ing a link between p62 and disease-related inclusion formation.
4.3. How does LC3 recognize p62?
We identiﬁed a speciﬁc region named LRS (LC3 recognition se-
quence) that mapped to an uncharacterized linker region between
the zinc ﬁnger and UBA domains in the mouse p62 [10]. The LRS is
comprised of 11 amino acids (Ser334–Ser344) that include a signif-
icant and conserved motif; containing an acidic cluster and hydro-
phobic residues (DDD or DEE and WXXL or WXXV) (Fig. 1A). This
amino acid sequence is almost identical to a previously reported
LIR (LC3-interacting region) of human p62 [9]. Mapping of the
crystal structure of the LC3–LRS complex revealed that the acidic
cluster of Asp337–Asp339 in LRS interacts with basic residues in
the N terminus of LC3, and that the Trp-340 and Leu-343 residues
are inserted into two hydrophobic pockets, exposed on the ubiqui-
tin domain of LC3 [10,35]. Interestingly, LC3 has basic residues at
its N-terminal a-helix surface, and these residues are involved in
the interaction with the acidic cluster of LRS, whereas the other
Atg8 mammalian homologues, GATE-16 and GABARAP, have acidic
residues in their respective N-terminal a-helical surfaces. Accord-
ingly, p62 may be a more favorable target for LC3 than GATE-16
and GABARAP.
4.4. p62 is a selective substrate for autophagy
Because p62 is localized to the autophagosome via LC3-interac-
tion and is constantly degraded by the autophagy–lysosome sys-
tem, ablation of autophagy leads to marked accumulation of p62,
resulting in the formation of p62-positive inclusions [6,7]. p62 pro-
teins harboring mutations in LRS escape efﬁcient degradation by
autophagy, leading to their accumulation followed by inclusion
formation even in the presence of normal autophagy in cells [10].
These results indicate that p62 is degraded by autophagy through
direct interaction with LC3. On the other hand, autophagic degra-
dation of the PB1 mutant, which is defective in oligomerization,
is markedly attenuated though inclusion formation does not occur
[10]. These results suggest that both accumulation and oligomeri-
zation of p62 are necessary for the formation of inclusion bodies,
and concomitantly, oligomerization of p62 via PB1 is a critical
event in facilitating their degradation by autophagy.
5. p62 as a shuttle protein to transport ubiquitinated proteins
into lysosomes
Growing lines of evidence indicate that p62 together with ubiq-
uitinated proteins are transported into the autophagosomes [8,9],
implying that p62 is a receptor for ubiquitinated proteins to de-
grade them into lysosomes. As the receptor, p62 contributes to
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chondria [36], midbody ring [37], peroxisomes [38], and microbes
[39,40]. In agreement with these evidence, almost all inclusions in
autophagy-deﬁcient cells are positive for both ubiquitin and p62,
and loss of p62 combined with a deﬁciency in autophagy, greatly
reduces the formation of ubiquitin-inclusions in mice and ﬂy
[6,7]. These ﬁndings strongly support the hypothesis that ubiquiti-
nated proteins initially interact with p62, then aggregation of the
protein complex occurs in a p62-dependent manner and the aggre-
gates are ﬁnally degraded by autophagy (Fig. 1B) [41,42]. However,
it is also possible that defective autophagy initially causes p62-
accumulation followed by aggregation, and then the ubiquitinated
proteins are sequestered into p62-aggregates via the UBA domain
as a secondary action.
Though it is postulated that p62-deﬁciency results in accumula-
tion of ubiquitinated proteins as well as loss of autophagy, the level
of ubiquitinated protein in p62-knockout tissues was quite lower
than in autophagy-deﬁcient tissues [6]. A possible explanation
for this discrepancy is the presence of another receptor(s) such
as neighbor of BRCA1 gene 1 (Nbr1). The structure of Nbr1 is sim-
ilar to that of p62 and Nbr1 can bind both LC3 and ubiquitinated
proteins. Like p62, Nbr1 is sequestered into the autophagosome
via LC3-interaction and/or p62-interaction and markedly accumu-
lates in autophagy-deﬁcient tissues [43], suggesting that Nbr1
might compensate the loss of p62. Since no proteins with struc-
tures similar to those p62 and Nbr1 exist in mice, analysis of dou-
ble knockout mice for p62 and Nbr1 is needed to clarify this issue.
Another possibility is that because p62 functions to build the
aggregates, ubiquitinated proteins that fail to form aggregation
due to loss of p62 might be degraded through the UPS. Further
studies are needed to clarify how many cellular ubiquitinated pro-
teins are transported into the autophagosomes through p62 and/or
Nbr1. Moreover, it is a critical issue to specify a signal(s) to modu-
late selective degradation of ubiquitinated protein aggregates by
autophagy.
6. Physiological relevance of p62-turnover by autophagy
While it is postulated that p62 is a receptor for ubiquitinatedpro-
teins to deliver them selectively into the autophagosome, it is also
involved in several signal transduction pathways through interac-
tion with TRAF6 and caspase-8 (Fig. 1C) [34]. Cytosolic cellular
protein aggregates including p62 and/or polyubiquitinated proteins
can be easily identiﬁed. These structures might function as signal-
organizing centers where p62 interacts with TRAF6 and caspase-8.
In response to cytokine signals, TRAF6 ismodiﬁed by the K63-linked
polyubiquitin chain (K63Ub) catalyzedby theTRAF6ubiquitin ligase
itself along with the E2 enzyme UBC13/Uev1. This ubiquitination is
involved inNF-jBactivation. The interactionof p62with TRAF6pro-
motes its oligomerization and subsequent activation,which leads to
K63polyubiquitination of TRAF6 resulting in the activationofNF-jB
activation [44]. The cell-surface death receptors such as DR4 and
DR5 trigger apoptosis through a death-inducing signaling complex
(DISC) that recruits the apical protease caspase-8. Death receptor
ligation induces polyubiquitination of caspase-8, through the inter-
action of DISC with a cullin3-based ubiquitin ligase. p62 promotes
aggregationofCUL3-modiﬁedcaspase-8withinp62-dependent foci,
leading to full activation and processing of the enzyme and driving
commitment to cell death [45]. Based on these results, Moscat and
Diaz-Meco [34] proposedamechanismthatp62-positive aggregates
are signaling hubs that could determine whether cells survive by
activating the TRAF6-NF-jB pathway, or die by facilitating the
aggregation of caspase-8 and the downstream effector caspases
(Fig. 1C). In addition to these unique functions of p62, we recently
described a novel regulation of the response to environmental stressby p62 [46]. p62 interacts with the Nrf2-binding site on Keap1, a
component of Cullin3-type ubiquitin ligase for Nrf2. The Nrf2 regu-
lates the gene expression of a battery of antioxidant proteins and
detoxiﬁcation enzymes. Thus, overproduction of p62 or autoph-
agy-deﬁciency competes with the interaction between Nrf2 and
Keap1, resulting in stabilization of Nrf2 and transcriptional activa-
tion of Nrf2 target genes (Fig. 1C). Because the level of p62 protein
is strictly regulated by autophagy, autophagy could control NF-jB
pathway, activation of apoptosis and response to environmental
stress.7. Pathophysiological roles of p62 in autophagy-deﬁcient mice
Although concomitant loss of p62 in neural-speciﬁc Atg7/
mice does not repress the pathological phenotypes, ablation of
p62 in liver-speciﬁc Atg7-deﬁcient mice suppresses the pathologi-
cal phenotypes including massive hepatomegaly, inﬂammation,
and leakage of hepatic enzymes despite accumulation of abnormal
organelles [6], indicating that at least in the autophagy-deﬁcient li-
ver, excess accumulation of p62 is the major pathogenesis. Since
abnormal accumulation of p62 by loss of autophagy has been con-
ﬁrmed in other tissues such as the myocardium, pancreas b cells,
and skeletal muscles, it is necessary to examine the effect of p62-
accumulation in these non-dividing cells. With regard to the cyto-
toxicity of p62, Rubinszteins’ group [47] proposed an interesting
model in which accumulation of p62 is accompanied by impaired
ubiquitin–proteasome (UPS)-ﬂux and subsequently substrates for
the UPS such as p53 accumulate in the cells, leading to cytotoxicity.
However, overproduction of p62 in primary hepatocytes caused
neither accumulation of ubiquitinated proteins nor cell death
(Komatsu, M. et al., unpublished data). Moreover, we analyzed
the liver-speciﬁc Rpn10DUIM mouse, which exhibits substantially
reduced proteasome activity [48]. As expected, the livers of the
mutant mice showed massive accumulation of ubiquitinated pro-
teins, though the mice did not exhibit any pathological changes
such as hepatocyte hypertrophy, hepatomegaly or liver injury
(Komatsu, M, et al., unpublished data). These results suggest that
accumulation of p62 at least in hepatocytes does not inhibit UPS-
ﬂux and that reduction of UPS has a minor effect on liver pathol-
ogy. This discrepancy might be accounted for by differences in
the cells used in the experiments. Their results were based on
experiments using several growing cell lines. On the other hand,
we carried out the above experiments mainly using non-dividing
hepatocytes and/or livers. As known, the effect of loss of autophagy
is quite different between growing and quiescent cells. It is impor-
tant to determine the level at which p62 inhibit the UPS-ﬂux in
dividing cells. Cytotoxicity due to p62-accumulation in hepato-
cytes might arise from dysregulation of activation of NF-jB, cas-
pase-8 and/or Nrf2 rather than the impaired UPS-ﬂux.8. Concluding remarks
The ubiquitin-binding nature of p62 has attracted many
pathologists, because it could be an additional diagnostic marker
for diseases characterized by ubiquitin-inclusions. In fact, immu-
nohistochemical studies show a clear-cut signal for p62 in Mallory
bodies found in various chronic liver disorders, such as alcoholic
hepatitis, non-alcoholic steatohepatitis, and in intracytoplasmic
hyaline bodies found in hepatocellular carcinoma [5,49]. Similar
p62-positive cytoplasmic inclusions are found also in several neu-
rodegenerative diseases, including Alzheimer’s disease, Parkinson’s
disease, and amyotrophic lateral sclerosis [50]. Therefore, p62-
inclusions are currently considered a common hallmark of confor-
mational diseases. Although it remains unclear whether autophagy
1378 M. Komatsu, Y. Ichimura / FEBS Letters 584 (2010) 1374–1378is intact or not in the above diseases, it is possible that the pathol-
ogy of these diseases includes dysregulated activation of NF-jB,
caspase-8 and/or Nrf2 based on excess accumulation of p62. In-
deed, the Whites’ group [51] reported recently that dysregulation
of NF-jB signal in autophagy incompetent cells is due, at least in
part, to accumulation of p62, which subsequently enhances tumor-
igenesis. Further analysis of p62- and/or autophagy-knockout mice
is needed to clarify the relevance of accumulation of p62 and the
pathogenesis of these diseases.
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